Background--Current evidence on the association between serum urate and risk of atrial fibrillation (AF) is limited by crosssectional designs and 1-time measurement of serum urate. The roles of serum urate, gout-related inflammation, and systemic inflammation in the etiology of AF are currently unknown. This gap is important, given that systemic inflammation is a recognized risk factor for AF.
O ne of the most serious comorbidities in patients with gout is cardiovascular disease. 1, 2 Although much of the focus regarding cardiovascular disease risk has been on myocardial infarction and heart failure, atrial fibrillation (AF), a disease of cardiac conduction with devastating consequences including fatal embolic stroke, is largely understudied and is not typically included in studies of cardiac outcomes. In the past decade, the prevalence of AF has increased dramatically. An evolving epidemic, AF can predispose to subsequent stroke, heart failure, and mortality. More than 33 million individuals worldwide have AF, with related mortality rising in parallel. 3, 4 Limited insights currently exist regarding preventive opportunities. The potential impact of serum urate and related inflammation in the physiopathology of AF is unclear and represents an important gap, given that systemic inflammation is a recognized risk factor for AF. 5 Serum urate could induce oxidative stress, inflammation, and vascular stiffness and is associated with metabolic syndrome, carotid atherosclerosis, endothelial dysfunction, and adverse effects on platelet adhesiveness and aggregation. 6 High serum urate is highly heritable, 7 has been associated with increased risk of AF, [8] [9] [10] [11] [12] [13] [14] [15] and predicts new-onset AF after coronary artery bypass grafting 16 and AF recurrence after ablation. 17 However, prior studies were limited by only 1-time measurement of serum urate, cross-sectional study design, use of prevalent AF cases, and insufficient covariate adjustment. 10, 12, 13, 15, 16, [18] [19] [20] Longitudinal data are needed to consider baseline serum urate level and further rule out issues of reverse causation. The long-term cumulative association of serum urate and risk of incident AF is unclear. The relationship between changes in serum urate level and risk of AF remains unknown. Furthermore, the joint effects of serum urate with inflammation level, measured by hs-CRP (high-sensitivity C-reactive protein), is also uncertain. We aimed to address the aforementioned knowledge gaps based on 2 large prospective cohort studies with 123 238 participants followed from 2006 to 2014 in China. We hypothesized that long-term high serum urate and increases in serum urate over time are associated with increased risk of incident AF. We further hypothesized that the association between serum urate and risk of AF is modified by inflammation, as indexed by hs-CRP levels.
Methods
Because of the sensitive nature of the data collected for this study, requests to access the data set by qualified researchers trained in human subject confidentiality protocols may be sent to corresponding author Xiang Gao.
Study Population
Our study was based on Kailuan I and II, 2 large prospective cohort studies designed to investigate risk factors for common noncommunicable diseases. It is based in the Kailuan community in the city of Tangshan, in the southeast of Beijing, China, with low population mobility and relative internal stability. All residents in the Kailuan community (n=155 418) were current or retired employees of the Kailuan coal mining company and were invited to participate in the study. The Kailuan I study includes 101 510 resident participants (81 110 men and 20 400 women aged 18-98 years) who lived in the Kailuan community and completed the first survey between June 2006 and October 2007. Every 2 years all participants underwent questionnaire assessments, physical examinations, and laboratory tests in the hospitals. Similarly, the Kailuan II study consists of 35 856 Kailuan residents aged ≥18 years who were not part of the Kailuan I study and enrolled between June 2008 and October 2010. The studies were approved by the ethics committee of the Kailuan Medical Group. All participants gave written informed consent.
Our analytic sample consisted of 123 238 participants followed up from 2006 to 2014. We excluded 4343 participants with a history of stroke, myocardial infarction, or cancer before baseline; 871 participants with AF or atrial flutter at baseline based on ECG reading, self-reported AF, or atrial flutter history; 2292 participants with missing information on serum urate; and 28 273 participants without followup information. Participants were followed up until December 31, 2014, the event of interest, or death.
Measurement of Urate
Study participants returned fasting blood samples in the morning after an 8-to 12-hour overnight fast. Samples were transfused into vacuum tubes containing EDTA and were collected and measured in 2006, 2008, 2010, and 2012 . We calculated a cumulative average of repeated measurements of serum urate to represent long-term urate level. We calculated the changes between adjacent measurements and calculated a per-year change variable to represent changes in serum urate over time. All calculations were based on available serum urate measurements from 2006 to the end of follow-up. Because men have higher serum urate levels than women, sex-specific quintiles were calculated.
Measurement of hs-CRP
Levels of hs-CRP were assessed by a commercial highsensitivity nephelometry assay (Cias Latex CRP-H; Kanto Chemical) at the central laboratory of Kailuan Hospital. For
Clinical Perspective
What Is New?
• Currently evidence on serum urate with risk of atrial fibrillation (AF) is mainly from cross-sectional studies, based on prevalent AF cases, and limited by only 1-time measurement of serum urate.
• In a large prospective cohort study with 123 238 participants followed from 2006 to 2012, both an increased cumulative average and elevations in serum urate over time were associated with increased risk of incident AF.
• The combination of high serum urate and high-sensitivity Creactive protein levels was associated with a significant increased risk of incident AF.
What Are the Clinical Implications?
• This study provided important evidence of an association between a relatively common treatable metabolic alteration (higher serum urate) and a common cardiac rhythm disorder (AF) with substantial morbidity and mortality.
• This study suggested that hyperuricemia alone is important and that a complex interrelationship may exist between levels of serum urate and the role of inflammation in accelerating arrhythmia and atrial fibrillation.
hs-CRP, the lower limit of detection was 0.1 mg/L, and intra-and interassay coefficients of variation were 6.53% and 4.78%.
Assessment of Incident AF
Diagnosis of AF or flutter was based on a 12-lead ECG, which was conducted during follow-up visits every 2 years for all Kailuan participants. We defined incident AF cases according to the European Society of Cardiology guideline: (1) "absolutely" irregular RR intervals on the surface ECG; (2) no distinct P waves on the surface ECG and regular atrial electrical activity in some ECG leads, most often lead V1; and (3) atrial cycle length, the interval between 2 atrial activations, usually <200 ms (>300 beats/min). 21 Paroxysmal AF was defined as >2 AF outbreaks with duration of each outbreak <7 days. Other types were classified as persistent or permanent AF. Two cardiologists independently read all ECGs and confirmed AF cases. We defined the first signs of AF during follow-up as the incident AF cases.
Assessment of Covariates
Demographics, socioeconomic status, medical history, medication use, and psychosocial and lifestyle information were collected for all Kailuan participants at every clinical follow-up visit. Height, weight, and blood pressure were assessed by trained nurses during the survey interviews. Total cholesterol, triglycerides, HDL (high-density lipoprotein) cholesterol, LDL (low-density lipoprotein) cholesterol, and creatinine were assessed by autoanalyzer (Hitachi 747; Hitachi) at the central laboratory of Kailuan Hospital. We estimated glomerular filtration rate using the Chronic Kidney Disease Epidemiology Collaboration creatinine equation. 22 
Statistical Analyses
We used a Cox proportional hazards model to examine the sex-specific associations of long-term average serum urate level and changes in serum urate with risk of incident AF. We modeled changes in serum urate as quintiles and as a continuous variable representing a 10-mmol/L increment. We tested the interactions between hs-CRP and serum urate level with incident AF risk at both multiplicative and additive scales. The relative excess risk due to interaction was calculated with 95% CI.
To examine whether those with a high serum urate level but with no history of gout have an elevated risk of AF, we excluded 500 participants with self-reported history of gout. As a sensitivity analysis, we also excluded participants with history of hypertension, high cholesterol, obesity or overweight, heart failure, renal failure, chronic kidney disease, AF-associated structural heart disease based on echocardiography, hypertrophic cardiomyopathy, valvular heart disease or hyperthyroidism, and impaired pulmonary function.
For our main analysis of long-term serum urate, if serum urate information was missing, we carried forward serum urate information from the previous measurement. As a sensitivity analysis, we repeated our analyses using complete cases only with no carry-forward and performed multiple imputation for missing data in serum urate. For our analyses on changes in serum urate, we calculated change based on available data and did not perform carry-forward or multiple imputation. We also assessed the robustness of our results to unmeasured and residual confounders. We tested proportional hazards assumptions based on the Schoenfeld residuals and included an interaction term between covariates and time. All analyses were performed using SAS (v9.4; SAS Institute).
Results
Among 123 238 participants in our analytic sample, the mean age was 48 years, and 79% were men. Overall, 107 360 participants had repeated measurements of serum urate level. Participants included and excluded from this analysis were similar in terms of baseline characteristics, except that those excluded tended to drink less alcohol and were less likely to use antihypertensive, lipid lowering, and hypoglycemic medications and to have family history of cardiovascular disease (Table S1 ). Participants who had high serum urate tended to drink more alcohol and consume more salt; were more likely to be current smokers; had higher systolic and diastolic blood pressure and higher triglycerides; were more likely to use antihypertensive, lipid lowering, and hypoglycemic medications; and had higher levels of hs-CRP than those who did not have high serum urate (Table 1) . Median level of serum urate was 244 umol/L (4.1 mg/dL) for women and 302 umol/L for men (Table S2) .
During median follow-up of 6.7 years (interquartile range: 5.3-8.3 years) from 2006 to 2014, we identified a total of 352 incident AF cases from ECG readings. In the multivariable model, baseline serum urate was not significantly associated with risk of AF, with a hazard ratio (HR) comparing fifth and first quintiles (1.25 [95% CI, 0.88-1.78]; Table S3 ). Cumulative average serum urate level over time was significantly associated with incident risk of AF (Table 2) . After multivariable adjustment for demographics, socioeconomic factors, medical history, and cardiovascular disease risk factors, participants with the highest quintiles of serum urate had 1.91 times higher risk of AF compared with those in the lowest quintile (adjusted HR: 1.91 [95% CI, 1.32-2.76]; P=0.001 for trend). Table 3 ).
We further examined AF risk by the joint associations between serum urate and hs-CRP levels. We defined hyperuricemia by cutoff values of >420 µmol/L for men and >360 µmol/L for women. High hs-CRP level was defined as hs-CRP level >3 mg/L. Participants with both high serum urate and hs-CRP had 2.6-fold higher risk of incident AF compared with those with normal serum urate and hs-CRP levels (Table 4) . There were significant interactions between serum urate and hs-CRP levels on both multiplicative and additive scales (Table 4) .
In our sensitivity analyses, we found consistent results for the association between long-term serum urate and elevated risk of AF, regardless of analytic strategies to handle missing data in serum urate. For an unmeasured confounder to totally explain away the observed 1.9-fold increased risk with longterm serum urate, the unmeasured confounder would need to associate with serum urate and AF with a relative risk of 3.2. In our study, given the wide range of potential confounders adjusted, it is highly unlikely that we would have such a strong unmeasured confounder. For an unmeasured confounder to totally explain away the observed 1.3-fold increased risk with changes in serum urate, the unmeasured confounder would need to associate with changes in serum urate and AF with a relative risk of 1.9, which is possible with an unmeasured confounder of modest strength. We did not find violation of the proportional hazards assumption (Tables 2 and 3 ).
Discussion
In this study of 123 238 participants with 6.7 years of followup, we found that long-term elevated serum urate was associated with 1.9-fold increased risk of incident AF. The risk high-sensitivity C-reactive protein (<1, 1-2.9, or ≥3 mg/mL), and estimated glomerular filtration rate (<30, 30-59, 60-89, or ≥90 mL/min/1.73 m 2 ). As sensitivity analysis, we excluded participants with a history of hypertension, high cholesterol, obesity or overweight, heart failure, renal failure, chronic kidney disease, AF-associated structural heart disease based on echocardiography, hypertrophic cardiomyopathy, valvular heart disease or hyperthyroidism, and impaired pulmonary function. Test for proportional hazards assumption: P=0.88. †
We excluded 500 participants with a history of gout. of AF increased by 1.3-fold per 10-mmol/L increment in serum urate. This association was significantly modified by hs-CRP, with participants with both high serum urate and high hs-CRP having a 2.6-fold elevated risk of incident AF compared with those with normal serum urate and hs-CRP levels. Several biological explanations have been proposed for the link between serum urate and risk of AF. Serum urate could induce oxidative stress and inflammation, both of which are implied among the mechanisms of cardiac hypertrophy. 23 Serum urate is also associated with vascular stiffness, [24] [25] [26] [27] [28] [29] atrial remodeling, ionic channel remodeling, and large left atrial size. 19 Conversely, use of allopurinol, a medication that lowers urate through inhibition of xanthine oxidase, 30 is associated with lower risk of AF. 31 The current literature suggests a potentially elevated AF risk associated with serum urate, 10,20,32,33 but inferences were limited by the fact that prior studies have only 1-time measurement of serum urate. 34 Serum urate is time varying by nature. One measurement at baseline may be subject to measurement errors and may lead to biased results. With a longitudinal study design and repeated measurements of serum urate, we investigated whether the risk of AF (1) differs by long-term elevated serum urate and (2) increases with increase in serum urate over time-both key gaps in knowledge. We provided evidence of the association of long-term serum urate and changes in urate levels and found a consistently increased risk of AF associated with high serum urate. Prior studies were based on either 1-time measurement of serum urate in cohort studies 12, 13, 16, 19, 20 or gout in claim databases without detailed information on serum urate level, body mass index, and lifestyle factors. 18, 35 Our study has unique information on repeated measurements of serum urate and detailed individual lifestyle and medical information. We were able to provide direct evidence that an increase in serum urate over time subsequently increases AF risk. Development of AF as a result of elevated serum urate among healthy individuals has not been well studied, nor have Hyperuricemia was defined by cutoff values >420 µmol/L for men and >360 µmol/L for women. High hs-CRP was defined as >3 mg/L. AF indicates atrial fibrillation; HR, hazard ratio; hs-CRP, high-sensitivity C-reactive protein; ref, referent; RERI, relative excess risk due to interaction. *Model adjusted for age (years), sex, smoke status (current, past, or never), alcohol consumption status (current, past, or never), physical activity (never, sometimes, or active), average monthly income of each family member (<500, 500-2999, or ≥3000¥), education (illiteracy/elementary school, middle school, or college/university), sodium intake (<6.0, 6.0-9. Test for proportional hazards assumption: P=0.94. AF indicates atrial fibrillation; HR, hazard ratio; ref, referent. *Model adjusted for age (years), sex, smoke status (current, past, or never), alcohol consumption status (current, past, or never), physical activity (never, sometimes, or active), average monthly income of each family member (<500, 500-2999, or ≥3000¥), education (illiteracy/elementary school, middle school, or college/university), sodium intake (<6.0, 6.0-9.9, or ≥10.0 g/d), father and mother's cardiovascular disease history (yes or no), use of aspirin (yes/no), antihypertensive medication (yes/no), hypoglycemia (yes/no), lipid-lowering agents (yes/no), use of diuretics (yes/no), systolic blood pressure (quintile), diastolic blood pressure (quintile), fasting blood glucose (<4.0, 4.0-5.5, 5.6-6.9, or ≥7 mmol/L), triglycerides (<1.7, 1.7-2. mechanisms of such consequences been fully elucidated. The CANTOS (Canakinumab Antiinflammatory Thrombosis Outcome Study) trial suggested that autoimmunity and inflammation play key mechanistic roles in the development of cardiovascular consequences. 36, 37 In our study, we observed a significant interaction between serum urate and an inflammatory marker (hs-CRP), at both multiplicative and additive scales. This result suggests a complex interrelationship between levels of serum urate and the role of inflammation in accelerating arrhythmia and AF. Future studies are needed to examine whether such interactions are mechanistic and whether they exist for inflammatory biomarkers besides hs-CRP.
To the best of our knowledge, our work is the first longitudinal prospective study that establishes an association between long-term serum urate levels obtained over years and risk of incident AF. Consequently, it provides new and important evidence suggesting an association between a relatively common treatable metabolic alteration (higher serum urate) and a common cardiac rhythm disorder associated with substantial morbidity and mortality. Other than its mechanistic relevance, our findings might have direct therapeutic implications as this association was robust in participants both with and without a clinical diagnosis of gout. Urate-lowering therapies are currently not prescribed to patients without gout. Current guidelines recommend annual screening for myocardial infarction risk factors in patients with hyperuricemia and gout, [38] [39] [40] [41] but despite its increasing prevalence, no guidelines are currently available for screening AF because of a knowledge gap about the link between serum urate and AF. Our study suggests that hyperuricemia alone is also important. Whether urate concentrations should be treated even among people without cardiovascular disease risk factors and gout is speculative. To the best of our knowledge, only a few studies have looked at this issue in an Asian population. 11, 42, 43 It is estimated that %10 million Chinese people have AF, and prevalence is still rising with the obesity epidemic. [42] [43] [44] [45] The findings of this study could be useful to inform public health policy. The strengths of our study include repeated measurements of serum urate and hs-CRP, large sample size, and detailed covariate information including lifestyle factors, medical conditions, medication use, and laboratory measures. We were also able to examine the interaction between serum urate and hs-CRP, which provided novel insights regarding the etiology of AF. Our study also has some limitations. All participants in our study underwent ECG every 2 years through clinical examinations. The occurrence of AF in our analytic sample was obtained through ECG readings, and our estimation of AF incidence may underestimate the true prevalence and burden of AF in the general Asian population, although Asian people have low AF rates compared with nonHispanic white people. However, the measurement errors in AF identification were highly likely to be nondifferential with respect to serum urate level. Thus, our effect estimates of the association between serum urate and AF would be an underestimation of the true effect and attenuate toward the null. Only hs-CRP as an inflammatory marker was available in the current study. Future studies are needed to examine and confirm the joint effects of serum urate and hs-CRP on risk of AF, as well as the joint effects with other inflammatory markers. Even though we had extensive covariates in our study, we may still have some residual and unmeasured confounding. For example, we do not have detailed information regarding use of medication to lower serum urate and reduce inflammation, although such medication use may be associated with AF risk. Because our study was observational, we cannot establish a causal relation between urate levels and AF.
In conclusion, both increases and elevations in serum urate over time were associated with increased risk of incident AF. A combination of high serum urate with high hs-CRP level significantly increased risk of incident AF. Future studies should examine whether lowering serum urate levels and associated inflammation provides a relevant goal for AF prevention in patients both with and without clinically diagnosed gout.
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